We measured the generation of hydroxyl radical (OH ⅐ ) and oxidative DNA lesions in aerobically grown Escherichia coli cells lacking in both superoxide dismutases (SodA SodB) and repressor of iron uptake (Fur) using electroparamagnetic resonance and gas chromatography-mass spectrometry with a selected-ion monitoring method. A specific signal corresponding to OH ⅐ generation and an increase in oxidative DNA lesions such as 7,8-dihydro-8-oxoguanine and 1,2-dihydro-2-oxoadenine were detected in the strain deficient in sodA sodB fur. We showed that iron metabolism deregulation in fur mutant produced a 2.5-fold iron overload. The sodA sodB fur strain was about 100-fold higher mutability than the wild-type strain. The mutation spectrum in the strain was found to induce GC 3 TA and AT 3 CG transversions predominantly. The hypermutability of the strain was suppressed by the tonB mutation which reduces iron transport. Thus, excess iron and excess superoxide were responsible for OH ⅐ generation, oxidative DNA lesion formation, and hypermutability in E. coli.
We measured the generation of hydroxyl radical (OH ⅐ ) and oxidative DNA lesions in aerobically grown Escherichia coli cells lacking in both superoxide dismutases (SodA SodB) and repressor of iron uptake (Fur) using electroparamagnetic resonance and gas chromatography-mass spectrometry with a selected-ion monitoring method. A specific signal corresponding to OH ⅐ generation and an increase in oxidative DNA lesions such as 7,8-dihydro-8-oxoguanine and 1,2-dihydro-2-oxoadenine were detected in the strain deficient in sodA sodB fur. We showed that iron metabolism deregulation in fur mutant produced a 2.5-fold iron overload. The sodA sodB fur strain was about 100-fold higher mutability than the wild-type strain. The mutation spectrum in the strain was found to induce GC 3 TA and AT 3 CG transversions predominantly. The hypermutability of the strain was suppressed by the tonB mutation which reduces iron transport. Thus, excess iron and excess superoxide were responsible for OH ⅐ generation, oxidative DNA lesion formation, and hypermutability in E. coli.
Reactive oxygen species such as superoxide anion radical (O 2 . ), 1 hydrogen peroxide (H 2 O 2 ), and hydroxyl radical (OH ⅐ ), can react with various biological molecules due to their high reactivities (1, 2) . The genetic materials such as DNA, RNA, and their precursors in nucleotide pools are important targets of reactive oxygen species (3) (4) (5) . Reactive oxygen species produces a large number of DNA lesions including 7,8-dihydro-8-oxoguanine (8-oxo-G), 1,2-dihydro-2-oxoadenine (2-oxo-A), thymine glycol and strand breaks, and also oxidizes nucleotides to form 8-oxo-7,8-dihydro-2Ј-deoxyguanosine 5Ј-triphosphate (8-oxo-dGTP) (4) and 2-oxo-1,2-dihydro-2Ј-deoxyadenosine 5Ј-triphosphate (2-oxo-dATP) (6) , which cause mutation and replication block (5) .
To reduce such mutagenic and cytotoxic effects caused by oxidative DNA lesions, Escherichia coli have evolved DNA repair enzymes and a clean-up enzyme. The former includes DNA glycosylases for 8-oxo-G (encoded by mutM), for adenine at 8-oxo-G:A mispairing site (encoded by mutY) and for thymine glycol (encoded by nth and nei), and the latter contains a hydrolase for 8-oxo-dGTP in the nucleotide pool, 8-oxo-dGTPase (encoded by mutT) (7) (8) (9) (10) . Mutations in mutM and mutY, and in mutT lead E. coli cells to be spontaneously hypermutagenic (10 -100-fold higher than wild-type), predominantly inducing GC 3 TA and AT 3 CG transversions, respectively (8) . These results suggest the importance of these enzymes in minimizing oxidative DNA lesions and in keeping spontaneous mutation rate as low as 10 Ϫ8 -10 Ϫ9 . A long-standing proposal for the mechanism of the first step of oxidative mutagenesis is the reaction of bases in DNA or nucleotides in the pool with OH ⅐ , a highly reactive reactive oxygen species, which can be generated during the HarberWeiss/Fenton reaction that consists of an iron reduction step by O 2 . and an OH ⅐ generation step via the Fenton reaction,
It has been suggested that these reactions may enable endogenous oxidants to continually damage the DNA of aerobic organisms. The reactions have been confirmed, at least in model systems in vitro (11) (12) (13) (14) . SY54 (⌬katE katG::Tn10) was constructed as follows. SY5 (20) , an F factor-negative derivative of JM107, was infected with P1 phage carrying the katE12::Tn10 allele and selected for the tetracyclin-resistant phenotype. The Tn10 transposon was then eliminated according to Bochner et al. (21) . The resulting strain, SY52 (as SY5, but ⌬katE), was once again infected with P1 phage carrying katG17::Tn10 and selected for tetracyclin resistance. The resultant katE -katG Ϫ phenotype was confirmed by catalase activity gel (data not shown) and was named SY54. E. coli strains UM120 (katE12::Tn10) (22) and UM197 (katG17::Tn10) (22) were provided by Dr. A. Nishimura. TN52 and TN542 are ⌬fur::kan derivatives of SY5 and SY54, respectively. E. coli colicinogenic strain CA18 carrying a colicin B factor was used for preparation of colicin plates (23) . For selection of E. coli supF mutations, strain KS40 (lacZam rpsL gyrA) harboring pOF105, which carries the gyrAam and rpsLam genes in the pACYC184 plasmid, was used (24) . Plasmid pTN89 carries the E. coli supF gene, ampicillin resistance marker, f1 replication origin, and SV40 T antigen (24) . Cultures were grown in Luria-Bertani (LB) broth. LB plates and phosphate buffer (pH 7.4) used have been described previously (25) . Chloramphenicol, tetracyclin, kanamycin, streptomycin, ampicillin, and rifampicin were added, if necessary, to LB broth and LB plates at concentrations of 30, 10, 50, 50, 50, and 100 g/ml, respectively.
Measurement of OH ⅐ Formation-Hydroxyl radical (OH ⅐ ) formation inside E. coli cells was detected with an EPR-based spin-trapping system containing 10 mM ␣-(4-pyridyl-1-oxide)-N-tert-butyl-nitrone (4-POBN; Sigma) and 170 mM ethanol as described previously (19) . To avoid interference of the EPR signals by extracellularly generated OH ⅐ , bovine liver catalase (Sigma) was added to LB broth. LB broth containing 70 units/ml catalase, 10 mM 4-POBN, and 170 mM ethanol was inoculated with 1 ϫ 10 7 cells/ml of culture of E. coli strains. The cells were grown aerobically at 37°C for 17 h. EPR spectrum was obtained at room temperature with a JEOL ESR spectrometer, model JES-TE100. The magnitude of the EPR signal observed is directly proportional to the amount of spin adducts in the sample. Instrument settings were as follows: modulation frequency, 100 kHz; microwave power, 16 mW; sweep width, 5 millitesla; modulation amplitude, 0.05 millitesla; receiver gain, 1 ϫ 1000; time constant, 1 min; sweep time, 8 min. The number of cells was determined by plating each overnight culture onto LB agar plates.
E. coli DNA Extraction-E. coli strains were grown aerobically in 10 ml of LB broth in 100-ml flasks overnight with shaking at 150 rpm. The cells were washed twice with phosphate buffer, resuspended in 200 l of a solution of lysozyme (5 mg/ml in 0.25 M Tris HCl, pH 8), and incubated on ice for 15 min. The genomic DNA was extracted with a DNA Extractor WB Kit according to the manufactures protocol (WAKO, Tokyo). After precipitation of genomic DNA with ethanol, the pellet was dissolved in 100 l of TE (10 mM Tris-HCl, pH 8.0, and 1 mM EDTA), and treated with RNase at a final concentration of 50 g/ml for 1 h. The sample was again purified with a DNA Extractor WB Kit to remove RNase, and the precipitated genomic DNA was dissolved in phosphate buffer. A portion of the extracted DNA (100 g) was digested to nucleosides by nuclease P1 (Seikagaku Kogyo, Tokyo) and alkaline phosphatase (Sigma) for quantification of the DNA/RNA ratio. DNA samples with RNA contamination of less than 5% were used for measurement of oxidative DNA lesions.
Measurement of Oxidative DNA Lesions-We quantified oxidative DNA lesions according to a slight modification of the method described previously (26) . Briefly, 7 nmol of 2,6-diaminopurine and 100 nmol of [␣,␣,␣,6-2 H 4 ]thymine (27) were added as internal standards to aliquots of DNA samples, which were lyophilized and subsequently hydrolyzed with 0.5 ml of 88% formic acid in evacuated sealed glass tubes at 110°C for 45 min. After hydrolysis, samples were lyophilized again. The samples were dissolved in 0.5 ml of 50% ethanol and DNA bases including internal standards were collected by passage through a semi-preparative HPLC column for purification of the hydrolyzed DNA samples. After evaporation and lyophilization, the samples were trimethylsilylated with 0.1 ml of N,O-bis(trimethylsilyl)trifluoroacetamide/acetonitrile (4/1, v/v) mixture at 90°C for 45 min in poly(tetrafluoroethylene) screw-capped vials under argon. The derivatized samples were analyzed by GC/MS-SIM with a JEOL mass spectrometer Model JMA-DX-303 operated in the EI mode. The concentrations of modified bases in DNA were calculated from the calibration curves obtained from aliquots of mixtures of known concentrations of the modified bases and internal standards.
Spontaneous Rifampicin-resistant Mutation-Overnight cultures of E. coli strains in LB broth were diluted 10 5 -fold in phosphate buffer, 0.1-ml aliquots (10 3 cells) were inoculated into 5 ml of LB broth with appropriate antibiotics and incubated at 37°C overnight. Rifampicinresistant colonies were scored by plating the cultures on LB plates containing 100 g/ml rifampicin after a 2-day incubation at 37°C. The number of total viable cells was scored by plating a portion of the cells at appropriate dilutions on LB plates (without rifampicin), and counted after overnight incubation at 37°C.
Measurement of Iron Contents-E. coli cells in overnight cultures prepared as described above were washed three times with phosphate buffer, and resuspended in the same volume of ultrapure H 2 O (Kanto Chemical Co. Inc., Tokyo). The iron concentrations in the cell suspension were directly measured by Inductively Coupled Plasma-Atomic Emission Spectrometric analysis (ICP-AES) at 259.9 nm emission, and calculated from the standard curves. The numbers of cells in cell suspensions were determined by colony formation on LB plates. The iron content was calculated by normalization with the cell number in the sample.
Isolation of tonB Mutants and Sequence Analysis of the MutationsSpontaneously occurring tonB mutants were isolated from QC1736 (sodA sodB fur) by selecting colicin B-resistant colonies as described previously (23) , and the mutations were characterized by DNA sequencing. A DNA fragment containing the mutant tonB gene was amplified by polymerase chain reaction with genomic DNA as a template, which had been extracted from each colicin B-resistant isolate, and primers tonB-A, 5Ј-AAACGTGCTAAATGTGCCGGAC-3Ј, and tonB-B, 5Ј-CGA-TGTGGTGTGCTGCTATGC-3Ј (28) . The polymerase chain reaction product was treated with 5 units of exonuclease I (U. S. Biochemical Corp., Cleveland, OH) and 1 unit of alkaline phosphatase (U. S. Biochemical) at 37°C for 30 min, incubated at 80°C for 20 min to inactivate these enzymes, and diluted to appropriate concentrations with distilled H 2 O for dye-terminator DNA sequencing. The DNA sequencing for characterization of the mutations was carried out as described previously (28) .
Analysis for Spontaneous E. coli supF Mutations-Individual cultures of GC4468, QC1726, and QC1736 cells containing pTN89 were grown in 5 ml of LB broth with appropriate antibiotics at 37°C overnight. Plasmid pTN89 was extracted and subsequently introduced into the competent indicator strain KS40/pOF105. For selection of mutant supF plasmid, we used an improved method in which only cells containing the mutant supF plasmids can give rise to colonies due to their resistance to nalidixic acid and streptomycin (24) . Selection of the mutant supF, calculation of mutation frequency, and DNA sequencing were carried out as described previously (29) . 7 cells/ml of the overnight culture of QC1736 (sodA sodB fur) cells were inoculated into LB broth supplemented with catalase, 4-POBN, and ethanol, followed by incubation at 37°C overnight, and 4-POBN-C⅐H(CH 3 )OH spin signal was observed (Fig. 1D) . When E. coli mutants QC1726, QC1732, SY54, TN52, and TN542 as well as their parental strains, GC4468 and SY5, were incubated in the 4-POBN-C⅐H(CH 3 )OH spin-trapping system, there was no evidence of spin adducts (Fig. 1) . These results were highly reproducible. We also observed 4-POBN-C⅐H(CH 3 )OH spin signal in exponentially growing QC1736 (data not shown). Thus, spontaneous increases in OH ⅐ level occur continuously under normal aerobic growth conditions in E. coli cells lacking both SOD and Fur. These results further indicated that superoxide dismutases are involved in in vivo iron-dependent OH ⅐ formation.
RESULTS

Spontaneous Generation of OH
Intracellular Content of Iron-Both iron(II) and iron(III) transport pathways in E. coli are negatively regulated by the Fur protein (30) . Therefore, iron assimilation must be constitutive in fur mutants. This was confirmed by measuring intracellular iron content using ICP-AES in cell suspension of QC1736 (sodA sodB fur) ( Table I ). Iron content of QC1736 was 2.4-fold higher than those of fur ϩ strains, indicating that constitutive iron uptake due to the fur mutation results in iron overload in SOD-deficient strains which facilitates irondependent OH ⅐ formation.
Oxidative Lesions in DNA-To determine whether the intracellular generation of OH ⅐ causes oxidative DNA lesions, genomic DNA was prepared from overnight cultures of GC4468, QC1726 (sodA sodB), and QC1736 (sodA sodB fur), and were analyzed the oxidative DNA lesions by GC/MS-SIM. The contents of OH ⅐ -induced base modifications such as 8-oxo-G, fapyG, 2-oxo-A, and fapyA in SOD Fur-deficient cells were increased by 2-3-fold compared with those in the parent strain (Fig. 2) . As a control, the content of xanthine, which is not related to oxidative stress, was essentially the same in the three strains (Fig. 2) . The findings shown in Figs. 1 and 2 and Table I strongly suggested that increases in both intracellular O 2 . and iron stimulate the Fenton-type reaction in E. coli, and thus enhance OH ⅐ formation leading to production of oxidative DNA lesions. Increased Spontaneous Mutagenesis in E. coli-We examined mutagenesis in QC1736 (sodA sodB fur) strain by measuring the frequency of rifampicin resistance. Fig. 3A shows that the mutation frequency was 141-, 85-, and 24-fold higher in QC1736 as compared with GC4468, QC1732 (fur), and QC1726 (sodA sodB), respectively. On the other hand, the frequency in the TN542 (katE katG fur) was only 3-fold higher than that in SY5 (wild-type) and SY54 (katE katG) (Fig. 3B) . Thus, increased mutagenesis was O 2 . and iron overload-dependent. The hypermutability was suggested to be due to intracellular generation of OH ⅐ by a Fenton-type reaction in vivo, which leads to high content of oxidative DNA lesions ( Figs. 1 and 2) .
Effects of Excess Iron on Spontaneous
Mutagenesis-We introduced tonB mutations into QC1736 to determine whether increased intracellular amounts of iron were the cause of rifampicin-resistant mutagenesis. The tonB gene of E. coli is a key protein in the Fur-regulated iron transport systems and serves as an energy transducer to couple cytoplasm membrane FIG. 1. 4-POBN-ethanol spin trapping of OH ⅐ in an E. coli sodA sodB fur strain. E. coli strains were inoculated into LB broth containing 70 units/ml catalase, 10 mM 4-POBN, and 170 mM ethanol at a cell titer of 1 ϫ 10 7 cells/ml, and grown aerobically at 37°C for 17 h. The EPR spectrum was measured as described under "Experimental Procedures." A, GC4468 (wild-type); B, QC1726 (sodA sodB); C, QC1732 (fur); D, QC1736 (sodA sodB fur); E, SY5 (wild-type); F, SY54 (katG katE); G, TN52 (fur); H, TN542 (katG katE fur). The data were reproducible in 2-3 trials. a The data presented are averages obtained from three independent samples with standard errors.
b The ratios are shown in the parentheses.
FIG. 2.
Yield of modified bases in DNA prepared from E. coli sodA sodB fur strain. E. coli strains grown aerobically overnight were washed twice with phosphate buffer, and the genomic DNA was prepared with DNA Extractor WB Kit. The samples were analyzed for modified bases by GC/MS-SIM. The concentrations of modified bases in DNA were calculated from the calibration curves obtained from aliquots of mixtures of known concentrations of modified bases and internal standards. The data presented are averages obtained from duplicate measurements. Open bar, GC4468 (wild-type); dotted bar, QC1726 (sodA sodB); hatched bar, QC1736 (sodA sodB fur).
FIG. 3. Spontaneous mutation frequency in E. coli strains.
Mutations were examined by forward mutation to rifampicin resistance as described under "Experimental Procedures." E. coli strains used were GC4468 and its derived mutants QC1726 (sodA sodB), QC1732 (fur), and QC1736 (sodA sodB fur) presented in panel A, and SY5 and its derived mutants SY54 (katG katE), TN52 (fur), and TN542 (katG katE fur) presented in panel B. The results represent averages obtained from six independent experiments. energy to high affinity active transport for iron(III) (31) . Therefore, even in the presence of the fur mutation, tonB mutants cannot uptake iron into the cells. Nine independent tonB mutants were isolated by plating 9 independent overnight cultures of QC1736 on colicin B plates. The resulting sodA sodB fur tonB mutants were named CR1 to CR9. The frequencies of spontaneous mutation of the rifampicin-sensitive to resistant phenotype in CR1 to CR9 were 2 ϫ 10 Ϫ8 to 4 ϫ 10 Ϫ7 , lower than the frequency in QC1736 of 1.7 ϫ 10 Ϫ6 (Fig. 4) . The observation that blockage of iron transport due to tonB mutation suppressed the strong mutator phenotype of QC1736 suggested an important role of intracellular iron concentration in rifampicinresistant mutagenesis.
We next characterized the mutant tonB genes from CR1 to CR9 by direct sequencing. Three one-base frameshifts, 3 singlebase substitutions causing nonsense mutations, and 3 singlebase substitutions causing missense mutations were identified (Fig. 5) . The frameshift mutations and single-base substitutions causing nonsense mutations were predicted to result in truncated proteins of TonB. These truncated TonB proteins can cause stronger blockage of iron transport than missense TonB proteins. As shown in Fig. 5 , the extent of mutagenesis suppression by the tonB mutations was directly correlated with the characteristics of tonB mutations; tonB mutants with frameshifts or nonsense mutations caused stronger suppression of mutagenesis than those mutants with missense mutations. These observations strongly suggested that the TonB-dependent iron transport system is required for the mutator phenotype in the SOD Fur-deficient strain.
It may be noteworthy that the five single-base substitutions among six found in the spontaneous tonB mutants derived from QC1736 were GC 3 TA and AT 3 CG (Fig. 5) . As these tonB mutants were originally isolated as spontaneous mutations of the SOD Fur strain, we assumed that this predominance was due to mutations specifically occurring in QC1736.
Spontaneous Mutation Specificity of E. coli supF in QC1736 -We examined the specificity of spontaneous mutation in the E. coli supF gene. The plasmid pTN89 was extracted from individual overnight cultures of GC4468 (wild-type), QC1726 (sodA sodB), and QC1736 (sodA sodB fur), and supF mutants were selected using KS40/pOF105 (24) . We analyzed about 50 supF mutants by DNA sequencing.
Spontaneous mutation frequencies of supF plasmids propagated in GC4468, QC1726, and QC1736 were 2.4 ϫ 10
Ϫ7
, 4.8 ϫ 10
, and 8.2 ϫ 10 Ϫ7 , respectively. The details of the mutations analyzed are summarized in Tables II and III . The spontaneous mutations were comprised of four types, i.e. base substitutions, insertions, deletions, and frameshifts (Table II) . GC 3 CG transversion was predominant in GC4468 (43%) and QC1726 (24%) as described previously (29), whereas it accounted for only 10% of those in QC1736 (Table III) . On the other hand, the predominant mutation in QC1736 was GC 3 TA (49%), followed by AT 3 CG (24%), consistent with the observations in the tonB mutations (Fig. 5) . Oxidative lesions 8-oxo-G and 2-oxo-dATP can induce GC 3 TA transversion, and 8-oxodGTP and 2-oxo-A can induce AT 3 CG transversion (32, 33). Thus, it is likely that the predominance of GC 3 TA and AT 3 CG transversions in QC1736 was due to increased amounts of 8-oxo-G and 2-oxo-A in DNA (Fig. 2) as well as 8-oxo-dGTP and 2-oxo-dATP in the nucleotide pool, increase of which have not yet been determined.
DISCUSSION
The results of the present study indicated that E. coli cells defective in superoxide dismutases and iron-uptake regulator, thus leading to excess levels of superoxide and iron overload, show elevated levels of OH ⅐ production (Fig. 1) , base damage such as 8-oxo-G or 2-oxo-A (Fig. 2) , and mutagenesis (Fig. 3) . A previous study established that killing of E. coli by H 2 O 2 can be blocked by iron chelators, confirming the occurrence of the Fenton reaction in vivo (15) . We therefore proposed that the base damage seen in the sodA sodB fur strain is a consequence of Haber-Weiss/Fenton reaction occurring on or near DNA, generating highly reactive species such as OH ⅐ , which is then an effector of DNA damage (34) .
We reported here that mutations in sodA sodB fur caused both intracellular generation of OH ⅐ and typical oxidative base damage such as 8-oxo-G and 2-oxo-A. These observations suggested the importance of SODs in reducing intracellular concentrations of O 2 . to safe levels and of Fur for well controlled iron uptake to maintain oxidative stress as low as possible. On the other hand, increases in frequency of spontaneous mutations in QC1736 (Fig. 3 ) depended on OH ⅐ generation and increases in oxidative lesions in DNA.
The fur mutation leads to a permanent influx of iron, which overwhelms the iron storage capacity of the cells leading to an intracellular overload of iron. Inhibition of siderophore-mediated iron(III) transport by a tonB mutation suppressed mutagenicity of the sodA sodB fur strain (Figs. 4 and 5) . Thus, we The numbers in parentheses are predicted sizes of the truncated TonB. In the case of frameshift mutants, the size of the truncated protein includes amino acids changed by frameshift mutation, the number of which is shown after the slash in parentheses. The characteristics of mutations listed include sequence changes with the position, predicted amino acid changes with the amino acid position, and % of ratio in spontaneous mutation frequency in these mutants compared with that in the parental strain QC1736.
concluded that imported iron(III) was responsible for OH ⅐ generation and increases in 8-oxo-G and 2-oxo-A in DNA as well as mutagenesis.
We observed 3-and 7-fold increases in spontaneous mutation in mutants lacking Fur and SOD, respectively, and a more than 100-fold increase in sodA sodB fur strain as compared with the wild-type control (Fig. 3) . This synergistic effect due to deficiencies in Fur and SOD may be explained by the recently proposed role of O 2 . (Fig. 6) (38) . As a result, the increases in internal levels of both iron(III) and O 2 . in SOD Fur-mutant cells may accelerate the cycling and amplify the impact of oxidative stress probably by continuous generation of OH ⅐ . When spontaneous mutagenesis was examined with an E. coli strain lacking catalases, the frequency in the katE katG fur strain was 3-fold higher than those of parental and katE katG strains (Fig. 3) . Thus, excess H 2 O 2 had no effect on the formation of OH ⅐ under Fur-deficient condition. As described above, excess iron alone has no effects on the rate of the Fenton reaction since such iron is in the form of iron-storage protein. (Tables II and III) . These transversions are typical mutations caused by oxidative stress and were observed in mutants lacking mutM, mutY, and mutT (8) . Recently, GC 3 TA transversion was reported to be not only induced by misincorporation of dATP opposite 8-oxo-G in DNA, but also to be induced by misincorporation of 2-oxo-dATP from the nucleotide pool opposite guanine in DNA (33) . In fact, we observed higher contents of these oxidative lesions in DNA prepared from the sodA sodB fur mutant strain (Fig. 2) . All our results, therefore, strongly indicate that increases in internal levels of both iron and O 2 . due to deficiencies in both SOD and Fur stimulate OH ⅐ generation, followed by oxidative lesions in DNA as well as in the nucleotides pool, resulting predominantly in GC 3 TA and AT 3 CG transversions. 
